Objectives: Appropriate use of imaging for adult patients with cervical spine (C-spine) injuries in the emergency department (ED) is a longstanding issue. Guidance for C-spine ordering exists; however, the effectiveness of the decision support implementation in the ED is not well studied. This systematic review examines the implementation and effectiveness of evidence-based interventions aimed at reducing C-spine imaging in adults presenting to the ED with neck trauma.
P atients presenting with injuries suspicious for acute cervical spine (C-spine) injury are common in the emergency department (ED) with over 800,000 patients treated annually in United States.
1,2 While imaging for alert, stable adult patients with neck trauma may be ordered to rule out the possibility of clinically significant injury, [3] [4] [5] the diagnostic yield of these images is relatively low (<1%). [5] [6] [7] [8] Given the infrequency of clinically significant findings, many of these images-particularly for lower-risk patients-may be avoidable with the application of a clinical decision rule (CDR), thereby decreasing patient exposure to radiation, 9 minimizing health care expenditures for the patient 10 and contributing to patient satisfaction. 11, 12 Moreover, such strategies result in very low likelihood of missing important injuries.
International and national campaigns, such as Choosing Wisely, have highlighted C-spine imaging as an area of imaging overuse in the ED and identified the need for strategies to effectively reduce C-spine imaging in the ED. 13 To assist physicians in identifying patients at low risk for clinically significant C-spine injury (i.e., patients where imaging is not clinically indicated), evidence-based tools such as clinical practice guidelines (CPGs) and CDRs have been developed. 14 Two of the most commonly used tools to assess the need for imaging in adult patients are the National X-radiography Utilization Study (NEXUS) criteria 15 and the Canadian C-spine Rule (CCR). 16 Although both CDRs have been validated, 17 the effectiveness of their implementation in the ED is not well documented. Moreover, evidence suggests that in direct head-to-head comparisons, the CCR outperforms the NEXUS rules. 17 The objective of this systematic review was to identify, describe the implementation strategies, and examine the effectiveness of evidence-based interventions (such as CDRs or guidelines) aimed at reducing C-spine image ordering in alert adult patients presenting to the ED with neck injury.
METHODS

Protocol
A protocol was developed a priori to define the objective, selection criteria, data extraction, and analysis process. The protocol followed the guidelines set out by Cochrane Effective Practice and Organisation of Care (EPOC) Review Group 18 and the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. 19 The protocol was registered with PROSPERO (registration no. CRD42016037793).
Inclusion/Exclusion
Experimental or observational studies with a comparator enrolling stable adult patients (≥17 years) presenting to an ED or other acute care center with neck trauma were eligible for inclusion. For the purposes of this review, stable referred to alert and hemodynamically stable patients presenting to the ED with neck trauma. A decision was made post hoc to include studies that did not specify whether the patients were alert or stable, as the majority of studies did not specify the patients' status. Studies that did not specify or did not provide a definition of stability were still eligible for inclusion. Studies specifically enrolling patients with penetrating neck trauma, such as penetrating wounds, were excluded. Studies enrolling both pediatric and adult patients were eligible for inclusion if the separate adult data could be obtained or if the mean age of the study participants was consistent with the enrollment of an adult population. To be included, studies were required to utilize an evidencebased intervention (i.e., intervention based on a CDR, electronic application, CPG) that aimed to reduce C-spine imaging in the ED and report the change in proportion of patients for whom imaging was ordered. A post hoc revision was made to include studies assessing other imaging modalities, specifically computed tomography (CT) and magnetic resonance imaging (MRI).
Outcomes
The primary outcomes of this review were the strategies used to implement the interventions as well as the change in the proportion of patients receiving imaging. Secondary outcomes of interest included intervention fidelity, the frequency of repeated C-spine imaging during the ED visit, health service utilization (e.g., length of stay, disposition), and factors associated with C-spine image ordering. Intervention fidelity was assessed using the treatment fidelity assessment grid, which uses the following five domains to explore fidelity: fidelity to theory, provider training, intervention implementation, intervention receipt, and intervention enactment. 20 Search Strategy A health research librarian (DKL) searched six electronic databases including: MEDLINE, EMBASE, EBM Reviews, SCOPUS, CINAHL, and Proquest Dissertation abstracts using keywords and thesaurus terms. Full search strings for each database are No limitations were set based on language, publication status, or year of publication. A published filter was used to identify studies published in the ED within the MEDLINE, EMBASE, and EBM reviews databases. 21 A search of the gray literature was conducted, which included SCOPUS forward and backward searches of the included studies; Web of Science searches of relevant systematic reviews; Google Scholar; and conference abstracts of the Canadian Journal of Emergency Medicine 
Selection Criteria
Two independent reviewers (SD and CL) screened the titles and abstracts for potentially relevant studies. The full text of relevant studies was assessed by two independent reviewers (SD and CL) for inclusion using predefined inclusion/exclusion criteria. Disagreements were resolved by an independent third reviewer (SWK or LDK).
Quality Assessment
The quality of before-after studies was assessed using the 10-item before-and-after quality assessment (BAQA) checklist. 22 One randomized controlled trial (RCT) 23 reported pre-and postintervention data and was assessed using the BAQA to allow for comparison with the other included studies. Two reviewers (SD and CL) independently assessed the methodologic quality of the studies, and discrepancies were resolved via discussion with a third independent reviewer (SWK or LDK). Overall, the studies were judged as being of low quality if they met the criteria (a judgment of "yes") on four or fewer categories, of the BAQA checklist. Otherwise, studies judged as meeting the criteria for 5 to 7 categories or 8 to 10 categories were judged as being of moderate to high quality.
Data Extraction and Analysis
Two reviewers (SD and CL) independently extracted data from the included studies onto standardized forms including patient characteristics, description of the intervention and implementation details, change in imaging, and additional relevant data. The accuracy of the extracted data was verified by two reviewers (SWK and LDK). In cases of missing or unclear data, attempts were made to contact the study authors to clarify their results. To ensure comparability with the before-after studies, the imaging rates from the preand postintervention periods in the intervention group were extracted from the RCT. 23 For an additional study, 24 imaging rates were not provided in the text and had to be estimated from a figure by taking the average of estimates made by two independent reviewers (SD and CL).
Heterogeneity was tested using the I 2 statistic with values of 25, 50, and 75% representing low, moderate, and high degrees of heterogeneity, respectively. 25 Change in imaging was calculated as individual odds ratios (ORs) with 95% confidence intervals (CI) using random effects in Review Manager (RevMan version 5.3, The Nordic Cochrane Center, 2014). A randomeffects model was used because it was assumed that the study effect sizes would not be identical due to the inherent clinical heterogeneity among the studies. Subgroup analysis based on study population (stable patients vs. unspecified patients) and intervention implementation strategy (multifaceted vs. nonmultifaceted) was performed to explore the high heterogeneity. Previous implementation research, specifically on guideline implementation, has proposed that interventions that have multiple components and implementation strategies are more effective. Yet, an overview of systematic reviews was unable to confirm whether multifaceted interventions are more effective than those interventions that employed fewer strategies. 26 This subanalysis allows for further exploration of this area of the literature and its application to interventions in the ED context. Planned sensitivity analysis of change in imaging included random/fixed effects and study risk of bias.
RESULTS
Search Results
A total of 990 unique studies were retrieved through the systematic and gray literature searches and screened for relevance. The full-text review of 56 relevant studies was completed. Of those, 49 studies were excluded for the following reasons: not a primary research study (n = 25), absence of preintervention/ comparison group (n = 20), inappropriate study population (n = 2), lack of reporting on C-spine imaging (n = 1), and intervention not targeting imaging/image ordering reduction (n = 1). Seven studies were included in the review (Figure 1 ).
Study Characteristics
The characteristics of the included studies are highlighted in Table 1 . The included studies were conducted in the United Kingdom, 24, 27, 28 Australia, 29, 30 the United States, 31 and Canada. 23 Six studies were before-after studies 24, [27] [28] [29] [30] [31] and one study was a cluster RCT. 23 The years of publication ranged from 1995 to 2009. Two studies reported enrolling patients from 1988 to 1991, 24, 28 while three studies reported enrolling patients between 2000 and 2003. 27, 29, 30 Two studies were published in 2009 but did not specify the patient enrollment dates. 23, 31 The included studies varied with respect to the descriptions of their study population. Only two studies reported enrolling alert and stable patients, 23, 30 while the remaining studies did not specify the patients' status. The majority of studies reported enrolling patients presenting with trauma 23, 24, 29, 30 or neck pain with a history of trauma. 27 Two studies reported reviewing all cases of patients receiving C-spine imaging 24, 31 while another study strictly enrolled patients with road trauma who had received a C-spine X-ray in the ED. 28 One study reported to enrolling patients presenting with blunt trauma to the head or neck (if they had neck pain) or if they had no neck pain but a visible injury above the clavicles, if they were not walking, and if the mechanism of injury was considered dangerous (which was defined as a fall from an elevation ≥ 3 ft or five stairs; an axial load to the head [e.g., diving]; a motor vehicle collision at high speed [>100 km/hour] or with rollover or ejection; a collision involving a motorized recreational vehicle; or a bicycle collision 32 ). Another study enrolled patients regardless of their presenting medical condition, but including a subgroup of patients presenting with acute C-spine injury. 31 All of the included studies reported the change in the proportion of patients in the ED receiving imaging after the intervention implementation. All of the studies reported on the change of patients receiving simple radiography (x-rays), except two studies, which reported a combined proportion of patients receiving simple radiography and/or CT. 29, 31 For one of these studies, the subgrouped data could not be obtained; 31 however, separated data were obtained for the other study. 29 Across all of the included studies, the reported change in imaging from before to after the intervention was based on the overall number of patients in the ED who received imaging before-andafter the intervention.
Quality Assessment
The results of the quality assessment are provided in Table 2 . Overall, based on the BAQA checklist, the quality of the studies ranged from low 24, 31 to moderate 27, 29, 30 to high. 23, 28 It should be noted, however, that one RCT 23 was identified, which is methodically more rigorous than the before-after studies. All studies except Goergen et al. 29 were assessed as being at low risk for selection bias. Two studies lacked information pertaining to the comparability of the pre-and 27, 31 and one study did not attempt to control for potential differences between the two groups. 24 The reliability of the outcome assessment was unclear across all studies due to a lack of reporting regarding a second outcome assessor. Studies commonly lacked sufficient detail on the intervention, including its description and when it was implemented.
Primary Outcomes Intervention Descriptions. All included studies used either a CPG or CDR as the basis of their intervention. Three studies used the NEXUS criteria 27, 29, 31 and two studies used the CCR. 23, 30 The remaining two studies, conducted before NEXUS or CCR were developed, based their interventions on guidelines developed in their respective EDs (Table 3) . 24, 28 Implementation Strategies. The majority of the studies reported on the strategies used to implement the interventions (Table 3) . 23, 24, 27, [29] [30] [31] Three studies employed multiple strategies to implement the intervention (i.e., multifaceted approach) 23, 29, 31 while three other studies used one or two strategies for implementation (i.e., nonmultifaceted approach) 24, 27, 28, 30 and one study did not report on use of implementation strategies. 28 Five studies conducted teaching sessions; 23, 27, [29] [30] [31] however, the audience and format of these sessions varied among studies. The audience of the sessions ranged from only ED physicians 23, 27, 31 to 2009 23 ) made mention of the restricted inclusion of patients based on their GCS score. The remaining studies did not address this patient characteristic in their inclusion criteria. C-spine = cervical spine; CCR = Canadian C-spine rule; GCS = Glasgow Coma Scale; NR = not reported; RCT = randomized controlled trial. *Dearden et al. 27 reports that some patients received CT; however, no data on the number of patients receiving CT were reported. †Goergen et al. 29 reports C-spine X-ray and CT data combined; however, subdivided data were obtained from the study authors. ‡Goergen et al. 29 restricted inclusion to road trauma victims from Victorian roads in Australia. §Stiell et al. 23 is an RCT by design; however, to compare with the before-after studies, data from the "before" and "after" groups of the "intervention" arm were used in the analysis. ||Defined in the CCR employed in this study as a fall from an elevation ≥ 3 feet or five stairs, an axial load to the head (e.g., diving), a motor vehicle collision at high speed (>100 km/hour) or with rollover or ejection, a collision involving a motorized recreational vehicle, or a bicycle collision.
¶Broder et al. 31 includes on all patients presenting to the ED; however, it presents data on the patients who received C-spine imaging.
residents 30 and training registrars 30 as well as nursing and medical imaging technical staff. 29 The sessions ranged from individual sessions, 30 small-group sessions, 29, 30 and large-group presentations. 31 Two studies did not report on the format of the teaching session, 23, 27 with the exception of the duration of the session (1 hour). 23 None of the studies measured emergency physicians' attendance at their respective education sessions.
Other implementation strategies included letters or e-mails containing imaging guidelines to ED physicians, 23 ,27,31 pocket-sized reminder cards for ED physicians, 23, 29, 30 and ED wall posters highlighting the relevant guidelines or CDR. 23, 24, 29 One study provided feedback to the ED physicians on their practice on ordering C-spine X-rays via two report cards during the postintervention phase; however, no formal feedback or follow-up accompanied the report cards. 23 Three studies reported the use of computerized decision support (CDS), 23, 29, 31 which included integrating a NEXUS criteria template into the existing ED information system, 31 converting the NEXUS criteria into CDS software, 29 and providing real-time reminders to physicians at the point of requisition. 23 Goergen et al. 29 employed two different implementation strategies within their physician group. Physicians received the same intervention; however, the implementation strategy differed in that physicians could either selfselect to participate in a CDS group (i.e., Goergen et al. 29 CDS), which supported their imaging decisions electronically with the NEXUS criteria, or physicians could decide to continue using preexisting paper-based requisitions (i.e., Goergen et al. 29 ). For the purposes of the systematic review, the control group for Goergen et al. 29 was split into two groups with smaller and equal sample size to allow for multiple comparisons while preventing unit-of-analysis error, as recommended in the Cochrane Handbook for Systematic Review of Interventions.
25
Changes in Image Ordering. Four studies (including five study groups) reported sufficient data to be included in a meta-analysis. 23, 27, 29, 30 All included studies reported on changes in image ordering and the meta-analysis indicated a significant reduction in image ordering (OR = 0.74, 95% CI = 0.68-0.81; Figure 2) ; however, significant heterogeneity (I 2 = 82%) was found. According to the subgroup analysis, no subgroup differences in change in imaging (p = 0.81) was found between studies reporting to enroll alert and stable patients (OR = 0.66, 95% CI = 0.50-0.87, I 2 = 36%) or studies that did not specify the hemodynamic status of the patients (OR = 0.71, 95% CI = 0.40-1.26, I 2 = 86%; Figure 3 ). Both studies that specified enrolling alert and stable patients with stable trauma utilized the CCR, 23, 30 while the remaining studies used the NEXUS criteria. 27, 29, 31 The second subgroup comparing studies employing multifaceted (OR = 0.64, 95% CI = 0.51-0.81, I 2 = 42%) versus nonmultifaceted (OR = 0.78, 95% CI = 0.35-1.73, I 2 = 86%) interventions revealed no subgroup differences in image ordering (p = 0.66; Figure 4) . A sensitivity analysis using fixed effects reported similar results compared to random effects (OR = 0.74, 95% CI = 0.68-0.81, I 2 = 82%). A sensitivity analysis based on risk of bias could not be conducted as proposed, as the only studies identified as being of low quality were not eligible for inclusion in the meta-analysis due to incomplete data. Three studies could not be included in a meta-analysis due to incomplete outcome reporting, and thus, a descriptive analysis was completed. McNally et al. 24 found that voluntary use of the NEXUS criteria resulted in an estimated 6.3% non-statistically significant reduction in C-spine X-ray. Maurice et al. 28 reported a significant absolute reduction of 2.2% in unnecessary C-spine X-ray. Broder et al. 31 reported an absolute increase of 1.4% in C-spine imaging (CT and X-ray; significance could not be assessed). C-spine = cervical spine; CCR = Canadian C-spine Rule; CDS = computerized decision support; DI = diagnostic imaging; EDIS = emergency department information system; NEXUS = National X-radiography Utilization Study; NR = not reported.
Secondary Outcomes
Proposed secondary outcomes including factors associated with ordering C-spine imaging, and the frequency of reported C-spine imaging could not be completed as planned due to a lack of reporting. One study reported on health service utilization, specifically a nonsignificant increase in the rate of hospitalization from 4% in preintervention group to 5% in the postintervention group following the implementation of the CCR. 23 Intervention Fidelity. Details on intervention fidelity and fidelity assessment are provided in Data Supplement S2 (available as supporting information in the online version of this paper, which is available at http://onlinelibrary.wiley.com/doi/10.1111/acem. 13364/full). Regarding theory congruence, five of the studies utilized interventions based on high-quality CDR evidence, 23, 27, [29] [30] [31] while two interventions were based on consensus of either local experts 28 or previously established clinical guidelines. 24 Provider training of those who educated the ED staff on use of the guidelines or CDR's were not documented in any of the included studies. The studies reported various implementation strategies for intervention implementation including educational initiatives (such as teaching sessions and handouts) 23, 27, [29] [30] [31] or implementing the CDRs into preexisting image ordering protocols. 27, 29, 31 Studies frequently, however, did not report how intervention implementation was assessed, including whether the contents of the educational initiatives were standardized. Details regarding how the ED staff received the intervention (intervention receipt) was reported across the majority of the studies, such as training sessions, educational handouts, or requiring the use of the CDR before the radiographer completed the request for imaging. The studies, however, inconsistently reported the assessment of intervention receipt. For example, none of the studies reported how many ED staff participated in or received the educational sessions or handouts. Intervention enactment was only reported in one of the included studies, which reported a decrease in the use of the CCR in the 12 months following the end of the study. 23 
DISCUSSION
The purpose of this review was to examine the implementation and effectiveness of interventions designed to reduce C-spine ordering for adults presenting to the ED with neck trauma. Using a structured protocol with efforts to avoid publication and selection bias, only seven studies were identified that examined either CDRs or CPGs to reduce C-spine imaging in this population. Overall, there was moderate evidence that these interventions could reduce C-spine ordering in the ED; however, heterogeneity in the pooled results suggests these results should be interpreted cautiously. This heterogeneity appears to be largely driven by one study 24 conducted in the UK using NEXUS as the basis of their intervention.
When introducing an intervention such as CDRs into the ED, the strategies used to implement these CDRs into regular ED practice are crucial to their effectiveness. In the current review, a subgroup analysis comparing the effectiveness of multifaceted versus nonmultifaceted implementation strategies reported inconclusive results. In comparison, a previous systematic review of interventional studies in asthma patients indicated that a more comprehensive implementation approach, including multiple interventions such as dissemination of guidelines via seminars and posters, training in communication, regular audit and feedback, leads to improved adherence to guidelines by health care providers. 33 The inconclusive results of this subanalysis in the current study mirror that of an overview of systematic reviews that found no compelling evidence that multifaceted interventions are more effective than single-component interviews. 26 Further research is needed to better understand how to effectively implement interventions such as CDRs or guidelines that aim to change physician ordering behavior and which strategies are most effective in the ED as well as other clinical environments. Assessing intervention fidelity is crucial to understand the thoroughness of intervention implementation and the ability to reproduce a similar effect.
Future research should also explore the use of new implementation strategies. For example, CDS has been proven to be effective in improving preventative care 34 and utilization of CDS has also improved physicians' adherence to interventions by nearly twofold. 35 Three studies in this systematic review reported use of CDS; 23, 29, 31 however, in two of the studies this monitoring was voluntary. 23, 29 Barriers such as lack of necessary infrastructure, loss of clinician autonomy, and impact of patient preference have been reported to prevent frequent use of CDS in the ED. 36 Research addressing these reported barriers and exploring additional electronic systems or strategies that have been identified as effective, such as computerized physician order entry, 37,38 pretest probabilities, 39 or audit and feedback, 40, 41 are needed to identify effective and simple methods for changing physician ordering practice. In addition to clinical strategies to improve imaging appropriateness, financial incentives may offer further opportunities to align physician-ordering practice with best evidence.
LIMITATIONS
Several limitations associated with this review were identified. While the risk of selection and publication bias exists in all reviews, steps taken to minimize these risks included employing two independent reviewers to assess the eligibility and inclusion based on a priori inclusion/exclusion criteria, as well as an extensive search of the published and unpublished literature. An assessment of publication bias could not be completed as planned due to the limited number of included studies.
In addition, there are several factors limiting the generalizability of this review. The studies identified in this systematic review were composed mainly of studies employing a before-after study design, which is less methodologically vigorous than RCTs. Only one RCT 23 could be identified and the quality of the evidence was low across all of the available studies, highlighting the limitations in research conducted on this issue. Not all of the studies clearly specified their patient population in terms of trauma stability, which may have influenced the intervention's effectiveness and limited the ability of this review to understand the effectiveness of these interventions to reduce C-spine ordering in stable patients with neck trauma. Significant clinical heterogeneity, in addition to inconsistent reporting of the primary and secondary outcomes, limited the analysis performed in this review. In addition, the fidelity assessment revealed that while the majority of studies reported their implementation strategies, the studies frequently did not assess the fidelity of these strategies. Authors of additional studies are strongly encouraged to examine not only the effectiveness of interventions to reduce C-spine imaging in the ED, but to better understanding the optimal implementation strategies for these interventions in the ED context. The age of the included studies and the evolving management strategies for patients presenting with C-spine injuries also limits the generalizability of this review to current practice. While the majority of studies assessed only simple radiography, CT scans have now become the image modality of choice in some locations. 42 In addition, many residents and physicians now receive training on the use of CDRs and campaigns such as Choosing Wisely 13, 43 have worked to increase awareness of imaging overuse. As such, the effectiveness of interventions to reduce C-spine imaging in future studies could differ significantly from studies included in this review due to the evolving baseline knowledge of the physicians. Finally, this review was limited to studies in which the interventions were implemented in the ED, and as such, the effectiveness of interventions such as CDRs implemented pre-ED was not examined; 24, 44 however, further study is warranted.
CONCLUSION
Overall, this review provided moderate evidence regarding the effectiveness of clinical decision rule and/or clinical practice guideline interventions in reducing C-spine image ordering in patients with neck trauma within the ED environment. Despite the heterogeneity, it appears that interventions can be effective in reducing imaging in the ED context. Evidence-based, highly sensitive tools such as clinical practice guidelines and clinical decision rules to identify patients requiring C-spine imaging have been widely available for over a decade. Despite their availability, there is a lack of high-quality research assessing the effectiveness of their implementation and their regular use in the ED. This review highlights the need for additional high-quality studies to investigate the effectiveness of evidence-based interventions and their implementation strategies to reduce unnecessary C-spine imaging in the ED as well as understand and address the barriers to guideline use for this condition in the ED.
